Background. Respiratory syncytial virus (RSV) disease has no effective treatment. JNJ-53718678 is a fusion inhibitor with selective activity against RSV.
The lack of available RSV interventions presents an opportunity for investigating small-molecule antivirals. Small-molecule fusion inhibitors are a potent class of compounds that exhibit inhibitory activity against RSV by binding to the viral fusion (F) glycoprotein [8] [9] [10] . Several molecules in this class have been studied in clinical trials with limited success, and few are currently under development [11, 12] . We recently discovered JNJ-53718678, a selective and potent RSV F protein inhibitor [13] . Subnanomolar activity has been demonstrated in cellular infection models, and in neonatal lambs, JNJ-53718678 and a close analog have shown substantial inhibition of viral titers and a dramatic reduction of RSV-associated lung pathology after early as well as delayed treatment of animals [13] . In the firstin-human study (53718678RSV1001) conducted in 45 healthy adults with doses ranging up to 1000 mg/day, JNJ-53718678 was well tolerated both at single and multiple oral doses given up to 8 days, with mostly mild and reversible side effects. The pharmacokinetic (PK) study findings of JNJ-53718678 based on median time to peak concentration (T max ) of 1 hour, halflife (t 1/2 ) of 6.5-10.5 hours, steady state achieving on day 2, and linear PK across all dose ranges support once-daily dosing. The compound is currently in development for the treatment of RSV infection in the pediatric population (NCT02593851).
The phase 2a, single-center study reported here was conducted with the primary objective of evaluating the antiviral effect of repeated oral dosing of JNJ-53718678 compared with placebo in healthy adult participants infected through inoculation with RSV-A Memphis 37b virus. The secondary objectives included an assessment of clinical symptoms, safety, and PK of JNJ-53718678.
METHODS

Study Design
This was a phase 2a, randomized, double-blind, placebo-controlled, single-center study with an 8-week screening phase (day −56 to −3), a 2-week quarantine phase (quarantine entry [day −2 or −1] to discharge [day 13]), and a follow-up phase (day 15 [±1] and 28 [±3]) ( Figure 1 ). In cohort 1, participants (n = 35) were randomized (1:1:1) to once-daily placebo, JNJ-53718678 200 mg, or JNJ-53718678 500 mg. Nasal wash samples were collected twice daily, and the antiviral activity was examined by determining RSV nasal viral load (VL) using quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) [11, 14] . Safety parameters, PK, clinical symptoms, and mucus weight were also evaluated. Data from cohort 1 were reviewed following completion of day 13, which determined the dose regimens and the timing of treatment start in cohort 2. In cohort 2, participants (n = 32) were randomized (1:2:1:1) to once-daily placebo, JNJ-53718678 75 mg, JNJ-53718678 200 mg, or JNJ-53718678 500 mg orally once daily for 7 days. After completion of day 13 of cohort 2, a similar interim analysis was performed as for cohort 1. A final analysis was performed after the last visit of the last participant.
After screening, eligible participants were admitted to quarantine unit on study day −2 or −1 and were inoculated intranasally with the RSV-A Memphis 37b virus on study day 0. Within 12 hours after confirmation of RSV positivity in nasal wash samples using a qualitative PCR (Simplexa Flu A/B & RSV assay, Focus Diagnostics), or in the morning of study day 6 if remaining RSV-negative, participants were randomized to JNJ-53718678 or placebo and received treatment for 7 days. The study drug was administered as an oral solution within 10 minutes after completing a standardized meal.
Participants remained in quarantine until day 13 and were only discharged if virus was not detectable (negative rapid antigen test). If symptoms were present but no virus was detected, participants were discharged at the investigator's discretion. 
Study Participants
Healthy volunteers were eligible if they were 18-45 years old with a body mass index of >18 kg/m 2 , serosuitable for RSV within 57 days before inoculation (cut-off RSV antibody level < 1403), and adhered to contraceptive measures. Participants with previous experimental inoculation with a Paramyxoviridae were excluded. Participants symptomatic with an acute respiratory infection at admission (Study day −1 or −2) were also excluded. The study was conducted under the ethical principles that have their origin in the Declaration of Helsinki, the International Conference on Harmonization Good Clinical Practices, and applicable regulatory requirements. All participants provided written informed consent to participate in the study.
Endpoints
The primary efficacy endpoint was the area under the curve (AUC) for RSV VL in nasal washes determined by qRT-PCR from baseline (last value before the first dosing) until discharge (day 13).
The secondary endpoints included nasal wash RSV VL as determined by plaque (culture) assay, RSV VL over time, peak RSV VL, time-to-peak RSV VL, and duration of viral shedding measured using qRT-PCR assay; the effect of JNJ-53718678 on clinical symptoms reported as the total clinical symptom score, time-to-peak VL, and duration of peak symptom score; total weight of mucus produced and number of tissues used; and safety and tolerability.
Assessments
Viral load was measured from nasal washes, twice daily, approximately 12 hours apart from the first day after inoculation until dosing day 7, and once in the morning on days 13, 15, and 28. Nasal wash samples were collected for qRT-PCR and plaque assays within 30 minutes prior to dosing of study drug or at approximately the same dosing time if a participant was not dosed.
In the qRT-PCR assay, the viral RNA was extracted from the nasal wash, complementary DNA was generated, and qRT-PCR of the N gene of the RSV strain was performed to evaluate the presence of the RSV in the nasal wash [11, 14] . The results of the qRT-PCR were expressed in log 10 plaque-forming unit (PFU) equivalents (PFUe) per milliliter. For the plaque assay, serial dilutions of the nasal wash samples were produced and then added to tissue culture plates containing Hep-2 cell monolayers. Plates were then incubated at 37°C for 6 days. After incubation, the log 10 PFU per milliliter of the sample was calculated [15] .
Clinical symptoms of RSV infection were assessed based on self-evaluation of 10 symptoms (runny nose, stuffed nose, sneezing, sore throat, earache, malaise, cough, shortness of breath, headache, and joint/muscle ache) on a score of 0 ("I have no symptoms") to 3 ("It's quite bothersome most or all of the time and it stops me from participating in activities") on a Symptom Diary Card filled in thrice daily from admission to quarantine until end of dosing (day 8) and at discharge (day 13) [16, 17] . Mucus (nasal secretion) collected on nasal tissues was weighed, and the number of tissues used was counted from admission to quarantine, before viral inoculation, and from day 1 through to discharge.
Venous blood samples were collected at specific timepoints on days 1, 3, 5, 6, and 7, on dosing day 1 (before dosing and 0.5, 1, 2, 4, 8, and 24 hours after dosing), on dosing days 3, 5, and 6 (before dosing), and on dosing day 7 (before dosing and 0.5, 1, 1.5, 2, 4, 8, 12, and 24 hours after dosing). Concentrations of JNJ-53718678 were measured using a validated, specific, and sensitive liquid chromatography-tandem mass spectrometry/ mass spectrometry (LC-MS/MS) method with a lower limit of quantification of 5.00 (plasma and whole blood).
The following individual JNJ-53718678 PK parameters were calculated using actual sampling times and applying linear-linear trapezoidal summation: on day 1 and day 7, C max (maximum observed analyte concentration), T max (actual sampling time to reach the maximum observed analyte concentration), and AUC 24h (area under the time concentration curve in 24-h period) were derived, and additionally on day 7, C min (minimum observed analyte concentration) was reported.
Safety assessments included the recording of treatment-emergent adverse events (TEAEs), clinical laboratory tests, electrocardiograms (ECGs), and vital sign assessments. Events of interest included the coagulation system (prothrombin and activated partial thromboplastin time) as well as hepatobiliary toxicities (alanine aminotransferase, aspartate aminotransferase, bilirubin). Grading of laboratory abnormalities was done according to the Division of Microbiology and Infectious Diseases toxicity grading list [18] .
Statistical Analyses
Efficacy analyses were performed in the intent-to-treat-infected (ITT-I) population, defined as all participants with virus inoculation and with a positive qRT-PCR VL value either immediately before first dosing or with >2 positive VL values after the first administration of study medication, and who received at least 1 dose of study drug. Viral load over time was individually evaluated and summarized using descriptive statistics. The least-squares (LS) mean RSV VL AUC for each treatment group was estimated with a general linear mixed model, including treatment as fixed effect and controlling for baseline RSV VL. A 95% confidence interval (CI) was constructed around the difference between the LS mean of each dose level and placebo.
Secondary efficacy endpoints were analyzed using descriptive statistics; mean difference and CIs were calculated where appropriate. Kaplan-Meier curves were produced to describe the time-to-event data graphically. The total symptom score was determined per time point as a composite (sum) of 10 self-reported symptoms on the Symptom Diary Card. Descriptive statistics were calculated for the plasma concentrations of JNJ-53718678 and the derived PK parameters, as applicable.
The demographic, baseline characteristics and safety analyses were performed in the intent-to-treat (ITT) population, defined as all participants with virus inoculation receiving at least 1 dose of study drug.
Safety parameters were summarized using descriptive statistics and frequency tabulations.
RESULTS
Of the 113 healthy volunteers screened, 69 were challenged with the RSV-A Memphis 37b virus. Two participants discontinued before randomization to active drug due to adverse events (AEs) that occurred after viral inoculation. Of 67 randomized, one participant in the placebo group discontinued due to an AE before dosing; hence this participant was not included in the ITT population ( Figure 1) . The ITT population included 66 participants randomized and dosed with once-daily JNJ-53718678 75 mg (n = 15), JNJ-53718678 200 mg (n = 17), JNJ-53718678 500 mg (n = 18), or placebo (n = 16). The ITT-I population included 45 participants who received JNJ-53718678 75 mg (n = 9), JNJ-53718678 200 mg (n = 12), JNJ-53718678 500 mg (n = 12), or placebo (n = 12). The demographic and baseline characteristics were similar in the ITT and ITT-I populations (Supplementary Table 1 ).
Efficacy
The mean RSV VL AUC from baseline until discharge in the JNJ-53718678 75-mg, JNJ-53718678 200-mg, and JNJ-53718678 500-mg dose groups was reduced by 44%, 53%, and 41%, respectively, relative to placebo, with a significant reduction only in the 200-mg group (P = .02) ( Table 1) . Considerable variability was observed in all groups, and no clear dose-response relationship was found. Similar results were observed using the plaque assay data ( Table 1 ). The mean RSV VL AUC over the 7 dosing days was also lower in the JNJ-53718678 groups compared with placebo ( Supplementary Tables 2 and 3) .
After treatment start, mean RSV VL increased during the first 24 hours, followed by a decline in the active treatment groups on day 2 and more gradual decline afterward. Mean RSV VL increased for 4 days following treatment initiation in the placebo group and decreased later (Figure 2A) . The peak RSV VLs in the JNJ-53718678 groups were lower than in the placebo group (Supplementary Table 2 and 3) .
The time to peak VL, as measured from the last value before the first dose and the duration of viral shedding, was shorter in the JNJ-53718678 groups versus the placebo group, both for qRT-PCR ( Figure 2B ) and the plaque assay results (Supplementary Figure 1A and B) . The proportion of participants with detectable virus as measured by qRT-PCR increased in all treatment groups up to 24 hours after baseline; thereafter, a decrease was observed in all treatment groups with a faster decline in active treatment groups versus placebo group. At day 6, 12.5%, 8.3%, and 9.1% of the participants had detectable virus in the JNJ-53718678 75-mg, JNJ-53718678 200-mg, and JNJ-53718678 500-mg groups, respectively, versus 41.7% in the placebo group.
The severity of RSV infection was lower in the active treatment groups than in the placebo group as suggested by the mean overall total symptom score (sum of all total scores from day 1 to day 13) over time Figure 2C ), and the peak total symptom score (maximum of the total symptom score values for 1 participant from baseline up to discharge). The time to peak symptom score tended to be shorter in the JNJ-53718678 treatment groups than in the placebo group ( Figure 2D ). The duration of symptoms was shorter in the JNJ-53718678 75-mg and JNJ-53718678 200-mg groups, but not in the 500-mg group, versus placebo. The overall mucus weight (Supplementary Figure 2A) and overall number of tissues used (Supplementary Figure 2B) during the treatment phase were lower in the JNJ-53718678 treatment groups compared with the placebo group.
Pharmacokinetics
The key plasma exposure measures are reported in Table 2 . Pharmacokinetics parameters were consistent with previous observations [19] . On day 7, mean C max and AUC 24h of JNJ-53718678 increased roughly proportionally with increasing doses. No meaningful accumulation was observed.
No clear dose (or exposure)-response relationship between plasma parameters (AUC and C trough ) and AUC RSV VL was observed for the different JNJ-53718678 doses ( Supplementary  Figures 3 and 4) .
Safety
The most frequently reported TEAEs (>2 participants in any treatment group) were diarrhea, increased blood cholesterol, increased low-density lipoprotein (LDL), and epistaxis (Table 3  and Supplementary Table 4 ). Three participants discontinued the study due to TEAE: 1 in the 75-mg JNJ 53718678 group due to grade 2 ECG change, 1 in the 200-mg group due to grade 1 ECG change, and 1 in the placebo group due to grade 2 TEAE urticaria. The grade 2 ECG change (change in morphology [from incomplete right bundle branch block]) was noted approximately 22 hours after administration of JNJ-53718678 75 mg on day 2, whereas the grade 1 AE (nonspecific ECG change) was observed about 1 hour after the intake of JNJ-53718678 200 mg on day 3. The grade 2 urticaria was reported on day 3 of dosing (placebo). 5 7 10 10 12 12 12 12 12 12 12 12 12 12 12 12 12 12 11 12 12 11 1 3 4 5 5 8 9 9 9 9 9 9 9 8 8 8 8 8 8 8 8 7 9 9 9 2 3 3 5 6 10 11 12 12 12 12 12 12 12 12 12 12 12 12 12 12 An ECG abnormality of grade 1 abnormally high PR duration was reported in 1 participant receiving placebo. Abnormally high QRS duration was reported in 2 (13.3%) participants in the JNJ-53718678 75-mg group (one each grade 1 and grade 2). A Grade 2 standing diastolic blood pressure was reported in 1 (6.3%) placebo participant. No other vital signs abnormalities Data are mean + SD, except for T max , which is median (range).
Abbreviations: AUC 24h , area under the time concentration curve in 24-hour period; C max , maximum observed analyte concentration; C min , minimum observed analyte concentration; qd, once daily; T max , actual sampling time to reach the maximum observed analyte concentration. a n = 15 for C max , T max , and AUC 24h on day 1 b n = 16 for all pharmacokinetic parameters on day 7. 
DISCUSSION
JNJ-53718678 reduced RSV VL AUC, peak VL, and the duration of viral shedding, and these findings correlated with relatively lower clinical symptom scores and mucus production. Considerable variability was observed within JNJ-53718678 and placebo groups. A greater sample size may have provided a better opportunity to evaluate treatment differences and potential dose-response relationship.
No safety concerns were noted; however, larger studies are needed before any firm conclusions about safety can be drawn. Although ECG abnormalities led to discontinuation of study medication in 2 participants, subsequent cardiologist consultation for these 2 participants, including review of their study-collected ECGs, indicated that the observed ECG findings represented normal variability in otherwise healthy individuals (data not shown). The severity of the AEs was at most grade 2 (moderate), and the only reported AE of higher grading was grade 3 increased lipase in a placebo-treated participant during the follow-up phase. Epistaxis has been observed in other challenge studies [11, 17] and has been related to the inoculation and subsequent infection, as well as to the numerous nasal washes. The other most frequently reported AEs (increased blood cholesterol, increased LDL) were associated with the objective testing of laboratory parameters and tend to vary in the populations studied in phase 1 trials. Diarrhea was also observed in the placebo group and considered related to the increasing amount of hydroxylpropyl-β-cyclodextrin in the formulation, a known osmotic agent [20] .
The plasma PK in this study were in line with that of the earlier study [19] . No exposure-response relationship was observed. Comparison of in vivo trough levels obtained in the human challenge study to that of in vitro 90% effective concentration (EC 90 ) levels of 26 ng/mL suggest that current median trough levels at day 7 are approximately 2-, 2.5-, and 10-fold higher for 75 mg, 200 mg and 50-mg once-daily regimens, respectively, which could imply that maximal effect is already achieved at the lowest dose. As compared with the human challenge study, naturally infected adults had similar VLs [21, 22] , but infants demonstrated higher peak VLs, slower viral clearance, and greater viral AUC [23] [24] [25] [26] . The severity of RSV disease, whether assessed by hospital admission, prolonged hospitalization, admission to the intensive care unit, or respiratory failure, is strongly correlated with greater RSV load, and a quick decrease in VL may determine the time to disease resolution [27] . However, even though a correlation has been shown between VL and symptom scores, the symptom severity in challenged participants seldom leads to hospital admission.
In addition to small sample size, there are some limitations in this human challenge study that need to be considered. The participants enrolled were mostly men and were white, which is common for phase 1 studies in healthy volunteers. This may also be due to the criterion for women to be of nonchildbearing potential and also to the study location (United Kingdom). Apart from these, the start of treatment 12 hours after the established RSV infection as in this study is difficult to replicate in clinical practice because patients do not present to their healthcare provider at the very onset of symptoms. Consequently, in patients who are naturally infected, the course of infection at the time of initiation of the antiviral will likely be more advanced. In infants, inflammatory processes do not appear to be major Data are provided as n (%). The intent-to-treat set for safety analysis included all participants challenged by virus inoculation and having received at least 1 dose of JNJ-53718678 or placebo.
Abbreviation: qd, once daily.
contributors to disease severity at the time of severe lung disease [28, 29] . However, it is likely that virus-driven inflammatory responses may be contributing factor at later time points during infection. Therefore, the present findings cannot directly be extrapolated to a clinical setting. Translating the clinical findings from healthy challenged adults to a natural -infected pediatric population also remains a challenge, especially because this model assessed nasal RSV VL. It is not clear yet how this may correlate with VL in the lower airways and lungs of adult and pediatric patients presenting with lower respiratory tract infection, although recent data obtained in neonatal lambs suggest that treating patients relatively late after their onset of symptoms may have a clinical benefit [13] . In that recent study, oral treatment of animals with JNJ-53718678 or a very close analog efficiently inhibited viral replication as well as RSV-associated lung damage, even when treatment was delayed until day 3 after an acute lower respiratory tract infection was established and prominent external signs of RSV illness had developed.
In conclusion, JNJ-53718678 has demonstrated an effective inhibition of viral replication and reduction in clinical disease severity in infected healthy adults. Clinical trials, including formal dose range-finding studies evaluating the effectiveness and safety of JNJ-53718678 in larger naturally infected populations, are needed to fully evaluate clinical outcomes and therapeutic value.
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